The conserved and essential eukaryotic protein Spt6 functions in transcription elongation, chromatin maintenance, and RNA processing. Spt6 has three characterized functions. It is a histone chaperone capable of reassembling nucleosomes, a central component of transcription elongation complexes, and is required for recruitment of RNA processing factors to elongating RNA polymerase II (RNAPII). Here, we report multiple crystal structures of the 168-kDa Spt6 protein from Saccharomyces cerevisiae that together represent essentially all of the ordered sequence. Our two structures of the ∼ 900-residue core region reveal a series of putative nucleic acid and protein-protein interaction domains that fold into an elongated form that resembles the bacterial protein Tex. The similarity to a bacterial transcription factor suggests that the core domain performs nucleosomeindependent activities, and as with Tex, we find that Spt6 binds DNA. Unlike Tex, however, the Spt6 S1 domain does not contribute to this activity. Crystal structures of the Spt6 C-terminal region reveal a tandem SH2 domain structure composed of two closely associated SH2 folds. One of these SH2 folds is cryptic, while the other shares striking structural similarity with metazoan SH2 domains and possesses structural features associated with the ability to bind phosphorylated substrates including phosphotyrosine. Binding studies with phosphopeptides that mimic the RNAPII C-terminal domain revealed affinities typical of other RNAPII C-terminal domain-binding proteins but did not indicate a specific interaction. Overall, these findings provide a structural foundation for understanding how Spt6 encodes several distinct functions within a single polypeptide chain.
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The conserved and essential eukaryotic protein Spt6 functions in transcription elongation, chromatin maintenance, and RNA processing. Spt6 has three characterized functions. It is a histone chaperone capable of reassembling nucleosomes, a central component of transcription elongation complexes, and is required for recruitment of RNA processing factors to elongating RNA polymerase II (RNAPII). Here, we report multiple crystal structures of the 168-kDa Spt6 protein from Saccharomyces cerevisiae that together represent essentially all of the ordered sequence. Our two structures of the ∼ 900-residue core region reveal a series of putative nucleic acid and protein-protein interaction domains that fold into an elongated form that resembles the bacterial protein Tex. The similarity to a bacterial transcription factor suggests that the core domain performs nucleosomeindependent activities, and as with Tex, we find that Spt6 binds DNA. Unlike Tex, however, the Spt6 S1 domain does not contribute to this activity. Crystal structures of the Spt6 C-terminal region reveal a tandem SH2 domain structure composed of two closely associated SH2 folds. One of these SH2 folds is cryptic, while the other shares striking structural similarity with metazoan SH2 domains and possesses structural features associated with the ability to bind phosphorylated substrates including phosphotyrosine. Binding studies with phosphopeptides that mimic the RNAPII C-terminal domain revealed affinities typical of other RNAPII C-terminal domain-binding proteins but did not indicate a specific interaction. Overall, these findings provide a structural foundation for understanding how Spt6 encodes several distinct functions within a single polypeptide chain.
Introduction
Gene expression in eukaryotes relies on a synergistic relationship between transcription, RNA processing, and chromatin structure. 1, 2 The specific positioning, composition, and posttranslational modification of nucleosomes defines a code for chromatin-templated transcriptional regulation. Moreover, transcription is intimately tied to mRNA processing, surveillance, and export from the nucleus. This coordination relies on precise cooperation among many proteins, with Spt6 being remarkable for playing multifaceted roles in several distinct processes.
Spt6 (suppressor of Ty 6) was originally discovered in Saccharomyces cerevisiae as a gene that influences general transcription through manipulation of chromatin structure at upstream promoter elements. 3 Subsequently, Spt6 has been implicated in a variety of biological processes in organisms ranging from yeasts to human, including embryogenesis in zebrafish, 4 multiple stages of development in Drosophila, 5 gut morphogenesis in Caenorhabditis elegans, 6 signal transduction in mammals, 7, 8 and pathogenesis of human immunodeficiency virus. 9, 10 The broad utility of Spt6 stems from its ability to perform multiple functions as a histone chaperone, a transcription elongation factor, and a modulator of RNA transcript processing.
Spt6 is required for reassembly of nucleosomes in the wake of an elongating RNA polymerase II (RNAPII), a function that has profound regulatory effects at both intergenic and intragenic start sites. 11, 12 Spt6 binds directly to histones and nucleosomes in vitro, 13, 14 and these activities may contribute to the nucleosome reassembly function. In addition, Spt6 recruits the H3K36 methyltransferase Set2 to the transcription complex, 15 providing a link between the processes of transcription and histone modification. While its roles in modifying and reassembling nucleosomes indirectly influence the elongation rate, Spt6 also directly affects RNAPII, as it stimulates elongation on nucleosome-free DNA templates in vitro. 9, 16 This role as an elongation factor independent of its effects on chromatin may also be significant in vivo, as knocking down Spt6 caused a decrease in the RNAPII elongation rate even in regions where the chromatin was considered to be permissive to transcription. 16 Yet another role as a modulator of transcript processing is indicated by the association of Spt6 with the Rrp6 subunit of the Drosophila exosome RNA processing complex 17 and by the requirement for Spt6 to prevent premature 3′ processing at cryptic polyadenylation signals upstream of the appropriate sites. 18 It has also been demonstrated that mammalian Spt6 can bind RNAPII C-terminal domain (CTD) phosphorylated at Ser2 by the P-TEFb kinase and that this interaction can subsequently promote recruitment of RNA processing/ export factors such as REF1/Aly. 9, 15 Binding to the phosphorylated RNAPII CTD is mediated by a Src homology 2 (SH2) domain that is located near the C-terminus of Spt6 and is conserved from yeast to human. 9 SH2 domains typically recognize phosphorylated tyrosine residues, are ubiquitous in metazoans, and are the primary recognition motif in phosphorylation-mediated signal transduction cascades. 19 Strikingly, the Spt6 SH2 domain is the only SH2 domain predicted to occur in the yeast proteome. 20 Spt6 therefore participates in a wide range of functions affecting transcription, with each activity requiring different subsets of its multiple distinct functional domains.
We have determined multiple crystal structures of Spt6 from S. cerevisiae and find that, consistent with the range of functional domains inferred from previous studies, it comprises a series of structural domains whose homologs are known to function in nucleic acid binding and/or protein-protein interactions. The core of the structure comprises several recognizable structural motifs and, in composite, resembles the bacterial transcription factor Tex. 21 A C-terminal region that is tethered to the core by a flexible linker adopts a novel tandem SH2 domain comprising two closely associated SH2 folds, one of which corresponds to the previously predicted SH2 domain of Spt6 and contains many of the standard binding determinants characteristic of this family, while the other lacks these features but contributes to a putative specificity pocket of the more canonical SH2 domain.
Our structure of the Spt6 tandem SH2 domain resembles two recently reported homologous Spt6 structures. 22, 23 We also show that the Spt6 core domain has DNA-binding activity, and we examine the interaction between the Spt6 tandem SH2 domain and RNAPII-derived peptides for evidence of a phosphorylation-dependent interaction with the CTD.
Results and Discussion
Crystal structures of Spt6(236-1259), Spt6(239-1451), and Spt6(1247-1451)
We have determined three crystal structures that together comprise the entire ordered region of the 1451-residue S. cerevisiae Spt6 protein ( Figs. 1-3 ). Based on these structures and sequence analysis, Spt6 residues 1-297, 456-464, 485-500, 562-566, 1003-1008, 1211-1217, and 1441-1451 are likely to Approximately two hundred C-terminal residues (tSH2 domain) are expected to be highly mobile with respect to the core. Secondary structure elements mentioned in the text are labeled. Broken lines represent regions of the Spt6 protein that are not visible in our structures and are likely to be disordered, including the first 297 residues. (c) Composite model of Spt6 colored from the N-to C-terminus (blue to red). View orientation is rotated 180°from that of the lower image in (b). be disordered in the full-length protein, at least in the absence of binding partners. Spt6 displays multiple recognizable structural domains whose homologs have been implicated in binding of nucleic acids or proteins, although conservation at the sequence level is low, and only three of these domains [(HhH) 2 , YqgF, and S1] in the Spt6 core were predicted from the sequence. 25 Full-length Spt6 expressed poorly in Escherichia coli and did not yield crystals. In contrast, two different Spt6 constructs that lacked the first ∼ 235 residues and either lacked the C-terminal 192 residues [Spt6 (236-1259)] or extended to the C-terminus [Spt6 (239-1451)] expressed well, and the resulting proteins crystallized in different space groups ( Table 1 ). The Spt6(236-1259) structure was determined by two-wavelength anomalous diffraction using data collected to 2.7 Å from crystals of selenomethionine-substituted (SeMet) protein and was refined against 2.6-Å native data to R/R free values of 22.4%/26.5%. The Spt6(239-1451) structure was determined by molecular replacement using the Spt6(236-1259) structure as a search model and refined against 3.3-Å data to R/R free values of 26.5%/30.8%.
Together, Spt6(236-1259) and Spt6(239-1451) display an ordered structure for the Spt6 core (residues 298-1248), which is primarily helical (54.6% helical, 8.3% strand, 37.1% coil), has overall dimensions of 110 Å × 77 Å × 36 Å, and is quite similar between the two structures (RMSD = 1.2 Å over 747 out of 763 pairs of C α atoms that are ordered in both structures). The core is built around an ∼ 80-Å-long central helix (H21, 680-733), with the rest of the ) of proteins from S. cerevisiae, Schizosaccharomyces pombe, C. elegans, Drosophila melanogaster, Danio rerio, and Homo sapiens. Alignment was performed using T-coffee. 24 Broken lines indicate regions of disorder that are not included in the model(s). protein chain wrapping around this helix at both ends to give an overall V shape. Additionally, Spt6 (239-1451) displayed interpretable density for the S1 domain (residues 1128-1210), whereas the corresponding density in Spt6(236-1259) was poorly defined, and the S1 domain was not included in this refined structure. As discussed below, we favor a model in which the S1 domain is highly mobile in solution. Interestingly, the 240 C-terminal residues of Spt6(239-1451), encompassing all of the residues absent from the shorter Spt6(236-1259) construct, are not visible in the electron density. The Spt6(239-1451) crystals have an estimated solvent content of 60% with cavities that could accommodate the 240 C-terminal residues, which suggests that this region is tethered by a flexible linker that is mobile both in solution and in the Spt6(239-1451) crystals.
Guided by secondary structure predictions and limited proteolysis experiments (data not shown), we expressed and crystallized the Spt6 C-terminal region, Spt6(1247-1451). This structure was determined by the selenomethionine single-wavelength anomalous diffraction method using 2.7-Å-resolution data and refined to R/R free values of 20.7%/25.4%. A second native crystal form yielded 2.1-Å-resolution data, and this model was refined to R/R free values of 17.9%/21.2%. The SeMet and native proteins crystallized in different space groups with one and four molecules in the asymmetric unit, respectively (Table 2) . Surprisingly, we found that the Spt6 C-terminal region comprises not one SH2 domain as anticipated, 20, 28 but two SH2 folds that are packed tightly against each other to form a tandem SH2 domain composed of N-terminal (nSH2, residues 1250-1353) and C-terminal (cSH2, residues 1354-1440) folds. While this manuscript was in the final stages of preparation, equivalent tSH2 structures that overlap closely with our refined model were reported for Spt6 homologs from Candida glabrata 22 (RMSD = 1.0 Å over 184 C α atoms with 87% sequence identity) and Antonospora locustae 23 (RMSD = 1.6 Å over 164 C α atoms with 24% sequence identity).
N-terminal region
The first ∼ 300 amino acids of Spt6 are extremely acidic, with an overall charge of − 62 and a predicted pI of 4.3, and are also predicted to be disordered. 29 This is consistent with our Spt6(236-1259) and Spt6 (239-1451) structures, which lacked discernible density prior to residue 298. Despite the lack of inherent order, this region of Spt6 is functionally important. Residues 239-268 bind the essential Spn1/Iws1 protein and overlap with residues required for nucleosome binding. 14 Furthermore, the spt6-1002 allele, a deletion of residues 2-122, displays synthetic lethality with deletion of the gene encoding the transcription factor Paf1. 18 
701
Crystal Structures of SPT6
Helix-turn-helix domain
Residues 336-442 resemble a DNA-binding helixturn-helix (HtH) motif, as seen in transcription factors such as c-Myb and the bacterial sigma factors. 30 Nevertheless, the structure is not consistent with binding DNA in a canonical manner; binding of Spt6 H7 in the major groove of DNA in the manner predicted for a canonical HtH domain would cause steric clashes between bound DNA and the rest of the structure. It is possible that Spt6 undergoes conformational changes upon binding DNA or that the Spt6 HtH domain serves as a protein-protein interaction motif, as occurs with members of the PWI subgroup of HtH domains. 31 The Spt6 HtH overlaps with the U4/U6 ribonucleoprotein Prp3 PWI domain [RMSD of 2.7 Å, 69 C α , Protein Data Bank (PDB) code 1x4q] and the Nab2 PWI domain (RMSD of 2.9 Å, 73 C α , PDB code 2v75), conserves the eponymous PWI motif as NWI (Asn349-Trp350-Ile351), and could utilize the equivalent protein-binding surface without invoking a conformational change in Spt6.
YqgF homologous domain
The Spt6 YqgF domain (residues 735-887) resembles members of the YqgFc superfamily, such as the E. coli protein YqgF and the RuvC class of Holliday junction resolvases. 25 The alignment is especially close with E. coli RuvC (RMSD of 2.9 Å, 117 C α , PDB code 1hjr). Despite this similarity, the putative Spt6 YqgF catalytic site lacks carboxylate side chains that are critical for coordinating magnesium ions Values in parentheses correspond to the high-resolution shell. Refinement statistics were determined by PHENIX 26 and MolProbity. 27 a Data were collected at the SSRL, the NSLS, or on a Rigaku MicroMax-007HF rotating anode X-ray generator with a copper anode and VariMax confocal optics and a Rigaku R-AXIS IV image plate detector (home). b R sym = (∑|(I − 〈I〉)|)/(∑I), where 〈I〉 is the average intensity of multiple measurements. c R cryst = (∑|F obs − F calc |)/(∑|F obs |). d R free is the R cryst based on ∼ 1000 (at least 10%) of the reflections that were excluded from refinement. that mediate phosphodiester bond hydrolytic cleavage. 32 Thus, it does not appear that the Spt6 YqgF fold is capable of nuclease activity using a catalytic mechanism similar to that of RuvC or related RNase H-fold nucleases.
Helix-hairpin-helix domain
Residues 933-1002 form two consecutive helixhairpin-helix (HhH) motifs that pack together through highly conserved hydrophobic residues at an ∼ 90°angle to form a (HhH) 2 domain that resembles known double-stranded DNA (dsDNA) binding domains. 33 These include proteins such as E. coli RNA polymerase α CTD (RMSD of 2.3 Å, 56 C α , PDB code 1lb2) and the Holliday junctionbinding protein RuvA (RMSD of 2.2 Å, 60 C α , PDB code 1bvs). The first Spt6 HhH represents a characteristic HhH motif in the relative angle of the antiparallel helices and the presence of the Glyhydrophobic-Gly motif within the hairpin loop. 33 The second HhH motif is more variant, as also observed in other (HhH) 2 domains, including DNA polymerase β and 5′ to 3′ exonucleases. Though cerevisiae Spt6 S1 domain in the same orientation as in (a) showing a clustering of negative charge in the putative OB-fold binding cleft. (c) S. cerevisiae Spt6 S1 domain in the same orientation as (b) but colored by conservation in the same color scheme as in Fig. 3 to illustrate the low level of conservation within the region equivalent to the binding cleft of canonical S1 domains.
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Crystal Structures of SPT6 (HhH) 2 folds are primarily found in proteins that interact with DNA, they also occur in proteins that mediate protein-protein interactions, such as the sterile α motif proteins. 34 Notably, the first 28 ordered residues (∼298-325) of Spt6 wrap around the (HhH) 2 domain in a fashion that would occlude binding of a canonical (HhH) 2 domain to a dsDNA ligand, although this interaction could be transient. The absence of corresponding density for H1 and part of H2 in the initial SeMet Spt6(236-1259) and Spt6(239-1451) maps suggests that these N-terminal residues might adopt a different conformation to allow binding of a physiological partner in vivo.
Death-like domain
Residues 1019-1104 form a prominent lobe of the structure that resembles members of the death domain superfamily. Death domains typically serve as recognition modules in proteins that assemble and activate inflammatory and apoptotic complexes. 35 The Spt6 death-like domain (DLD) maintains the characteristic overall topology of death domains, consisting of a six-helix bundle with three stacked antiparallel helices but with an additional helix inserted between the final two helices of the bundle (H39 in Figs. 2 and 3 ). Spt6 aligns reasonably well with several known death domain superfamily proteins, including the caspase-2-activating PIDDosome PIDD protein subunit component (RMSD of 3.0 Å, 60 C α , PDB code 2of5). Although it is unlikely that the Spt6 DLD functions in an apoptotic process in yeast, its prominent location and the observation that it displays the most highly conserved region of the Spt6 surface suggest that it mediates important intermolecular interactions ( Fig. 4 ).
S1 domain
A mostly unstructured linker of 15 residues leads to the S1 domain (residues 1129-1219), which adopts the canonical S1/oligonucleotide-oligosaccharide binding (OB)-fold of a β-barrel composed of two three-stranded β-sheets where strand 1 (S10) is shared by both sheets. 36 Despite the structural similarity, Spt6 lacks the typical S1 binding cleft residues that are important for binding nucleic acids. 36 In addition, the predicted electrostatic potential surface does not appear conducive to nucleic acid binding, shows a low level of conservation, and, as discussed below, is not required for dsDNA binding (Fig. 5 ). This is in contrast to the distantly related bacterial Tex protein, which loses its capacity to bind DNA or RNA in the absence of the S1 domain. 21 OB folds are used to bind partners other than nucleic acids, including oligosaccharides and proteins; 36, 37 thus, it remains possible that the Spt6 S1 domain is used for an important interaction that does not involve nucleic acids.
Tandem SH2 domain
The S1 domain is followed by an unstructured ∼ 10-residue segment and an ∼30-Å helix (H44; 1227-1247) that buries ∼ 440 Å 2 of accessible surface area against the core in the Spt6(236-1259) structure ( Fig. 2) . While some density is present for H44 in the Spt6(239-1451) maps, this region is too disordered for reliable model building, which may indicate that this interface is not always formed in solution. H44 links the core to a tandem SH2 domain (tSH2; residues 1250-1440) that comprises N-terminal (nSH2; residues 1250-1353) and C-terminal (cSH2; 1353-1440) folds that associate through an ∼ 800-Å 2 interface to form a single structural unit ( Fig. 6 ). Both nSH2 and cSH2 conform to the standard SH2 domain fold (standard SH2 nomenclature in parenthesis) of an N-terminal helix (αA), a central threestranded β-sheet (βB-βD), a small two-strand extension to the β-sheet (βE-βF), and a second helix (αB). 38 Intervening loops are labeled based on their relative position between these elements (e.g., the BC loop connects the βB and βC strands). The Spt6 nSH2 and cSH2 superimpose well with each other (RMSD of 2.1 Å, 69 C α ; Fig. 7 ) and with the multitude of other characterized SH2 domains, such as those from v-Src kinase (nSH2: RMSD of 2.0 Å, 82 C α ; cSH2: RMSD of 2.1 Å, 80 C α , PDB code 1sps; Fig. 7 ) and Nck2 (nSH2: RMSD of 2.1 Å, 83 C α ; cSH2: RMSD of 1.9 Å, 73 C α , PDB code 2cia).
The relative orientation of the two SH2 folds that comprise the Spt6 tSH2 domain is unlike that of previously reported tandem SH2 domains from other proteins. The αB helix of nSH2 undergoes an ∼ 20°kink where the αB helix would end in a canonical SH2 domain and extends along the backside of the cSH2 fold to form an extensive hydrophobic packing interface with the cSH2 central β-sheet. The relative orientation of nSH2 and cSH2 folds therefore appears to be constrained, consistent with the observation that superposition of the five crystallographically independent tSH2 domains observed in our various crystal forms [one in SeMet Spt6(1247-1451) and four in native Spt6(1247-1451)] indicates a maximum relative rotation of ∼ 8°between nSH2 and cSH2 folds.
Implications for ligand binding by the tSH2 domain
The extent to which Spt6 nSH2 corresponds to a prototypic SH2 domain is seen in a comparison with v-Src (PDB code 1sps) ( Fig. 7a -c). The primary determinants of phosphate binding are preserved in nSH2, whereas the positively charged Arg/Lys side chains of classical SH2 domains that flank the aromatic ring of phosphotyrosine (pTyr) ligands are absent from their usual positions. Conserved residues include the consensus FLVRES (FVIRQS, 1279-1284 in Spt6) sequence motif that contributes the phosphate-coordinating Arg1282 and Ser1284 side chains (Spt6 numbering). Moreover, the following Ser1285 Spt6 side chain is also well positioned to hydrogen bond the phosphate and functionally substitute the ThrBC2 of the Src SH2 domain. Other positions within SH2 domains that are important for binding phosphate include HisβD4 (Spt6 H1304) and Ser/ThrβC4 (Spt6 Thr1294), whose side chains hydrogen bond the Arg1282 side chain in an optimum orientation for phosphate binding and, in cognate SH2-ligand complexes, also form a main chain to main chain hydrogen bond with the ligand residue following the pTyr.
Classical SH2 domains typically have a basic residue at the αA2 position that binds against one side of the tyrosine ligand aromatic ring where it forms an amino-aromatic interaction with the π ring and also hydrogen bonds with both the phosphate and the tyrosine main-chain carbonyl. In contrast, the Spt6 nSH2 has a glycine at this position, G1264, which can make none of the same ligand interactions. This does not argue strongly against binding of pTyr by Spt6, however, because a number of other SH2 domains that bind pTyr ligands have a variety of substitutions at this position, including the PTPN11/SHPTP2/Syp phosphatase (PDB code 1ayc) that, like Spt6, has a Gly at αA2 and is known to bind a pTyr-containing peptide. 39 On the other side of a canonical pTyr ligand side chain, classical SH2 domains typically have a basic residue in the βD6 position. This residue is a lysine in Src but is an aspartate (D1306) in Spt6. Interestingly, in three of the five crystallographically independent Spt6 tSH2 molecules in our structures, the space typically occupied by the basic βD6 side chain is filled by R1286 in the BC3 position ( Fig. 7c ). Thus, Spt6 retains the ability to provide a positively charged basic group in this position, consistent with the potential to bind pTyr.
Ammonium sulfate was present in the crystallization solutions for both native and SeMet tSH2 domain structures, and all five crystallographically independent molecules displayed a sulfate ion at the putative nSH2 phosphate binding site, where it forms hydrogen bonds with R1282, S1284, and S1285 in the same manner as the phosphate of pTyr-SH2 complexes (Fig. 7d ). Assignment of the density as sulfate was confirmed in anomalous difference Fourier maps for the native data, which showed peaks that were similar in size to those of cysteine and methionine sulfur atoms for some of the sulfates. This further suggests that nSH2 binds a phosphorylated ligand and that it might accommodate a pTyr side chain in a suboptimal binding pocket.
Typical SH2 domain ligands bind through a twoprong mechanism that, in addition to binding pTyr, also involves binding of the three side-chain residues C-terminal to the pTyr into the "specificity pocket." 38 Binding partner preference is typically defined in the specificity pocket by the BG and EF loops and the βD3 and βD5 residues, which usually favor binding of hydrophobic residues. In contrast, the Spt6 nSH2 fold predominantly displays charged and polar residues in this site, and there is no BG loop due to the extension of nSH2 αB to the cSH2 fold. Instead, cSH2 residues such as the DE loop and a βD side chain (K1411) protrude into the pocket, forming the top portion of the nSH2 specificity pocket (Fig. 7e ). This indicates that, if the nSH2 fold binds substrate in the typical "two-pronged" manner common to SH2 domains, the cSH2 fold would make significant contributions to binding.
In contrast to nSH2, the cSH2 fold appears to be cryptic and unlikely to bind a phosphorylated ligand because residues critical for phosphate binding are substituted to display a very different chemical environment, and the Y1394 side chain fills the space where a phosphate would typically bind ( Fig. 7f ). Moreover, the region of the specificity pocket lacks even a shallow depression, as it is filled by bulky, aromatic side chains (F1397, Y1406, W1408, and F1434). Thus, in contrast to nSH2 and consistent with the lack of sequence conservation at cSH2 ( Fig. 6c ), it seems unlikely that cSH2 binds ligands in a manner reminiscent of SH2 domains.
Binding of Spt6 tSH2 domain with phosphorylated peptides
The human Spt6 CTD has been reported to bind the heptad repeat sequences of the mammalian RNAPII large subunit when the RNAPII CTD is treated with P-TEFb, a kinase that phosphorylates Ser2 during transcriptional elongation. 9 In order to investigate this interaction more quantitatively, we used fluorescence anisotropy (FA) to measure binding of S. cerevisiae Spt6(1247-1451) to di-heptad repeat peptides representing various phosphoisoforms of the RNAPII CTD ( Fig. 8 ). Peptides tested include sequences representing phosphoserine (pSer) 2, pSer5, pTyr1, and pSer (2, 5) . pSer5 and pSer (2, 5) peptides were included to test specificity and because these modifications also occur on the RNAPII heptad repeats. A pTyr1 peptide was included because SH2 domains typically bind pTyr peptides and this modification occurs in mammals, 40 although it has not been reported to occur in yeast.
All of the peptides assayed bound with affinities in the range of ∼20-250 μM, which is similar to the affinity of other RNAPII CTD interactions with isolated binding domains, 41 but is ∼10to 100-fold weaker than is typically found for the interaction of SH2 domains with pTyr ligands. 42 Of the ligands we assayed, the pSer(2,5) peptide bound Spt6(1247-1451) with the highest affinity (23 μM). This may indicate that RNAPII CTD sequences phosphorylated on both Ser2 and Ser5 are the authentic in vivo ligands for the yeast Spt6 tSH2 domain, which would be consistent with the reports that Ser2-phosphorylated sequences are preferred 9 and that localization of Ser2 and Ser2/5 phosphorylation overlaps substantially in average transcription units. 43, 44 On the other hand, interpretation is complicated by the fact that our pSer2/5 peptide has considerably more negative charge than the other peptides assayed and thus may be more prone to nonspecific effects. Interestingly, the pTyr1 peptide binds with a K d of 110 μM, which is tighter than that of the pSer2 (197 μM) and pSer5 (245 μM) peptides bearing an equivalent number of phosphate groups. A higher affinity for pTyr1 peptide with the same overall charge as pSer2 or pSer5 peptide is consistent with the similarity between nSH2 and well-characterized pTyr binding SH2 domains, but the physiological relevance of this result is not clear given the lack of observed pTyr modification of the RNAPII CTD in yeast.
The conclusion that the Spt6 tSH2 domain interacts specifically with phospho-CTD peptides is reinforced by our observations that an unphosphorylated form of the RNAPII CTD showed negligible (K d of N 1000 μM) binding and that similar results were obtained when the assays were performed under a phosphate-buffered saline condition (data not shown). As a further test of specific interactions, we measured binding to a mutant form of Spt6(1247-1451) in which residues R1282 and S1284, which are important for phosphate binding in typical SH2 domains, were both substituted with alanine. Binding to the pSer(2,5) peptide was decreased by ∼ 4-fold, while binding to the pTyr1, pSer2, and pSer5 peptides was decreased by 2.4fold, 1.2-fold, and 1.4-fold, respectively. These modest effects are consistent with the putative nSH2 phosphate binding site contributing to the binding interaction but not performing a dominant role for interaction with the peptides assayed.
Deletion of the entire tSH2 region by truncation of the SPT6 gene leads to defects in growth attributed to suboptimal transcription elongation. 22, 23 To examine the importance of tSH2 residues implicated in pTyr binding in vivo more carefully, we mutated the single genomic copy of SPT6 to produce proteins with R1282H, S1284D, R1286A, Q1303E, EN1313/ 1314AA, or K1343E mutation (nSH2 domain) or P1390A or K1411E mutation (cSH2 domain). The effects of these mutations were quite mild, failing to recapitulate the severe defects caused by truncation of the gene (data not shown; see Materials and Methods for a list of phenotypes screened). The C-terminal region of Spt6 therefore appears to have some activity that is not interrupted when residues within the tSH2 domain expected to be important for binding phosphorylated substrates are mutated.
Our data are consistent with a recent report that concluded that pSer2 RNAPII CTD peptides bound the tSH2 domain of the C. glabrata Spt6 homolog with an affinity of 10 μM. 22 The tighter affinity observed in that study could reflect differences between the proteins but is more likely to be due to the very low (10 mM) concentration of NaCl used in the binding assays. Our data also extend the earlier work by showing that the S. cerevisiae Spt6 tSH2 domain displays little discrimination for binding CTD peptides with different modifications but does show a small preference for a peptide with a single phosphorylated tyrosine (pTyr1). Our findings suggest that Spt6 activities in vivo may be modulated by phosphorylation of binding partners and that the ligands of the tSH2 domain may include phosphorylated tyrosine residues.
Binding to dsDNA
To test whether Spt6 is capable of binding dsDNA, we performed electrophoretic mobility gel shift assays using a 177-bp dsDNA fragment. We tested several different Spt6 constructs and found that binding was tighter (K d ± standard deviation) for Spt6(315-1451) (K d of 0.53 ± 0.07 μM) than for Spt6 (239-1451) (K d of 33.7 ± 3.8 μM) or Spt6(1-1451) (K d of 106.7 ± 38.9 μM) ( Fig. 9) , demonstrating that the disordered and negatively charged N-terminal residues diminish dsDNA binding. Unlike Tex, which requires the S1 domain for nucleic acid binding, 21 an Spt6 construct lacking the S1 domain, Spt6(315-1117), retains the ability to bind dsDNA with a K d of 1.08 ± 0.06 μM (Fig. 9b ).
Overall structure and functional implications
Our composite model of Spt6 (Fig. 10 ) features a core region (residues ∼ 298-1117) that has multiple recognizable domains whose packing in the crystal likely reflects, to a large extent, their organization in solution, at least in the absence of binding partners. The N-terminal residues 1-297 display considerable overall negative charge and are expected to be highly mobile, while residues 239-263 also comprise the Spn1/Iws1-binding determinant and overlap with the nucleosome binding site. 14 This high degree of mobility may provide a flexible tether for bridging binding partners, such as Spn1/IwsI, RNAPII, and nucleosomes, 9 and the negative charge may modulate histone and DNA interactions.
Inherent flexibility is also a feature of the C-terminal S1 domain, H44, and tSH2 domain. The S1 domain is loosely associated with the core, lacks density in the Spt6(236-1259) structure, and may be visible in the Spt6(239-1451) structure only because of ordering by a crystal lattice contact. Whereas the core of the distantly related Tex protein clearly resembles that of Spt6, the Tex and Spt6 S1 domains are displaced by a rotation of ∼80°and ∼25to 30-Å translation with respect to each other, and the S1 domain appears to be shifted by 14 Å in different crystal forms of Tex. 21 Therefore, it is likely that a highly mobile S1 domain is an important feature of both proteins, although one notable difference is that the Tex S1 binds nucleic acids, whereas our DNA binding data and consideration of surface amino acid residues indicate that the Spt6 S1 domain does not. Although the low conservation of residues in the putative binding cleft of the S1 domain suggests that this region is unlikely to have a highly conserved binding partner, the electrostatic characteristics of this surface (Fig. 5 ) are consistent with potential binding partners that are positively charged, such as histones.
H44 is visible only in the Spt6(236-1259) structure, where it also appears to be ordered by a lattice contact, and the C-terminal tSH2 domain is expected to be highly dynamic with respect to the rest of the protein. The leading model is that this domain binds RNAPII that is phosphorylated on Ser2 of its CTD. 9 Our binding data are consistent with this view, provided that other determinants contribute to binding/specificity, but also indicate the possibility that other binding partners might be functionally important. For example, Spt5 (discussed below) has been shown to co-localize with Spt6 and contains a phosphorylated C-terminal repeat domain similar to the RNAPII CTD, 46 which could be a physiological ligand for the Spt6 tSH2 domain.
Spt6 has been shown to be functionally associated with a large number of proteins involved in transcription elongation, chromatin maintenance, and RNA processing. The structure of Spt6 presented here will serve as a foundation for a more precise mapping of protein binding partners. Along with protein binding partners, Spt6 is also expected Fig. 10 . Comparison of Spt6 and Tex structures. The overall structure of the Spt6 core resembles that of the prokaryotic Tex protein. This similarity implicates the Spt6 core in nucleosome-independent functions, such as transcriptional elongation on naked template DNA. The N-terminal region includes determinants essential for binding Spn1/Iws1 or nucleosomes, which appear to bind competitively with each other. 14 The negatively charged N-terminal region may also be important for modulating binding to nucleic acids. The C-terminal region has been implicated in binding RNAPII. 9 to interact with nucleic acids in the transcription complex. DNA binding is probably important for nucleosome reassembly and potentially for transcription elongation. Association with nascent RNA transcripts could be important for enhancing the elongation rate or for organizing interactions with RNA modification/export factors such as REF/Aly. Future studies will be needed to see if Spt6 binds RNA and to further map nucleic acid binding to different domains of Spt6. For example, the YqgF or the (HhH) 2 domain may mediate binding to specific DNA structures such as four-way (Holliday) junction DNA, structures similar to those found at the DNA entry/exit points of nucleosomes. 47 The tSH2 domain may also contribute to nucleic acid interactions, as it is likely to bind negatively charged substrates containing phosphate groups. A simple electrostatic surface analysis indicates that each of these domains retains properties found in homologous domains with known functions. Furthermore, examination of the histone-binding activity of the various Spt6 domains will be of significant interest in furthering our understanding of nucleosome assembly/reassembly.
The structural similarity between Spt6 and the prokaryotic Tex protein is limited to the core and S1 domains. Consistent with the extent of structural similarity, N-and C-terminal regions that are unique to Spt6 are required for eukaryotic-specific interactions with nucleosomes, 11, 13, 14 hyperphosphorylated forms of the RNAPII CTD, 9 Spn1/ IwsI, 14 and mRNA processing/export factors. 9 An attractive possibility is that the core region provides activities that are conserved among prokaryotes and eukaryotes. In this regard, it is striking that most of the Spt6 core domains belong to structural families whose members function in nucleic acid binding, an activity that is likely to be a key component of transcription factors such as Spt6 and Tex that are capable of stimulating elongation on nucleosomefree DNA templates. 9, 16 Consistent with this possibility, our data indicate that the Spt6 core can bind dsDNA. Curiously, some of the putative nucleicacid-binding surfaces of Spt6 domains are occluded in the structure, although conformational changes might displace residues 298-320 (H1 and H2) to expose a DNA-binding activity on the (HhH) 2 domain. Consistent with this model, we find that truncation of ∼314 N-terminal residues leads to tighter dsDNA binding. One attractive model is that conformational changes of this nature are induced by binding partners such as histones or Spn1/Iws1. The relationship between Spt6 and Tex proposed here is reminiscent of that between another eukaryotic transcription elongation factor, Spt5, and its bacterial counterpart, NusG. These proteins also display similar core domains, while Spt5 has an acidic N-terminal extension and a C-terminal extension 48 that confers eukaryote-specific functions such as binding to RNAPII, 48 interaction with mRNA capping enzymes, 49 and extensive phosphorylation by RNAPII CTD kinases such as P-TEFb. 50 Therefore, like Spt5, Spt6 is likely to have built on the fundamental transcription activities of its core to accommodate the additional complexities of eukaryotic gene regulation.
Materials and Methods

Protein expression and purification
The protein constructs were expressed from pET151-D/ TOPO vectors (Invitrogen) in BL21 codon plus (RIL) E. coli cells (Stratagene). Cultures were grown in autoinduction media 51 in baffled 1.8-l flasks at 37°C with continuous shaking. After 4-8 h, the cultures were shifted to 23°C and grown for an additional 16-24 h. Harvested cells were stored at −80°C. Cells were thawed and lysed in buffer containing lysozyme and protease inhibitors, followed by sonication and centrifugation (25,000-30,000g). The soluble fraction was applied to nickel agarose resin (Qiagen) and eluted in buffer containing 300 mM imidazole and 100 mM NaCl, immediately followed by application to a heparin column (5-ml HiTrap Heparin; GE Healthcare Life Sciences) and elution over a NaCl gradient. Fractions containing Spt6 were pooled and processed overnight at room temperature in buffer containing tobacco etch virus protease. A nickel agarose column was used to remove the tagged tobacco etch virus protease and unprocessed Spt6 protein, and the flow-through was concentrated and loaded onto a size-exclusion column [Superdex 200 or S75 (for 1247-1451 constructs); GE Healthcare Life Sciences]. SeMet protein was expressed using an autoinduction protocol 51 for selenomethionine incorporation and purified by the same protocol as native protein. All crystals were grown in sitting drops, transferred briefly to a cryoprotection solution, suspended in a nylon loop, and plunged into liquid nitrogen (Table 1) .
Crystal structure determinations and refinements
Data were processed with HKL2000. 52 Spt6(236-1259) was determined by the multiple-wavelength anomalous diffraction method. SOLVE 53 was used to locate selenium atoms, and RESOLVE 54 was used for density modification and preliminary model building. AutoSol in PHENIX 26 was used to determine the Spt6(1247-1451) structure by the single-wavelength anomalous diffraction method. The Spt6 (239-1451) structure was determined by molecular replacement using AutoMR in PHENIX 26 to a resolution of 3.3 Å. A homology model built by TASSER 55 of the Spt6 S1 domain was used as a guide for model building. The native Spt6 (1247-1451) structure was determined by molecular replacement using Phaser. 56 59 and SSM. 60 PyMOL 61 was used to create the figures. Electrostatic surface representations were calculated using PDB2PQR and APBS tools 62,63 using the AMBER force field and colored from red (−5 kT/e) to blue (+5 kT/e).
DNA binding experiments
Widom 601 DNA (177 bp) with a 5′ Cy3 fluorophore was generated as described 45 followed by precipitation, gel purification, and electroelution. Electrophoretic mobility shift binding experiments were performed, and K d values were determined as described previously. 21 In short, 2-fold serial dilutions of the respective purified protein construct were mixed with nucleic acid substrate at room temperature in binding buffer [15 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10% glycerol, and 0.5 mM ethylenediaminetetraacetic acid] where the final concentration of dsDNA was 10-to 20-fold below the estimated K d for the interaction. After incubation for 30 min, samples were run on 4-20% TBE native gels (Bio-Rad Laboratories) and imaged and quantified using a TYPHOON imaging system with ImageQuant software (GE Healthcare Life Sciences). The fraction bound was calculated by quantifying the DNA total (total fluorescence in entire lane) and DNA free . DNA of slower mobility than the DNA free was considered bound. The fraction bound = 1 − ([DNA] free /[DNA] total ). Dissociation constants (K d values) were calculated by plotting data points and curve fitting in the program R 64 using the Hill formalism where fraction bound = 1/(1 + (K d n/[P]n)). In all cases, standard deviations are calculated from at least three measurements, except for the Spt6(315-1117) construct, which was repeated twice.
FA binding experiments
Peptides were synthesized by the University of Utah Core Facility or purchased commercially through AnaSpec Inc. (San Jose, CA), purified to N 98% purity by HPLC, and confirmed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Purified Spt6(1247-1451) was titrated in 1.5-to 2.0-fold serial dilutions against a constant concentration of fluorescein-labeled peptide (10-to 20-fold below estimated K d ) in 20 mM Tris-Cl (pH 7.5), 100 mM NaCl, and 5% glycerol. Samples were incubated at room temperature for at least 15 min prior to reading. Parallel and perpendicular fluorescence intensity was measured in a multi-well format using a Tecan Infinite 200 microplate reader using excitation/emission wavelengths of 485 nm/535 nm. Anisotropy values were calculated, normalized, and plotted as a function of protein concentration. K d values were determined by fitting the data using the equation 65 
, where A is the measured anisotropy, A T is the total change in anisotropy, and [pro] is the protein concentration.
Genetic analysis of tSH2 mutations
The following alleles of SPT6 were screened for phenotypes in strains isogenic with the A364a genetic background: wild type (WT), spt6-R1282H, spt6-S1284D, spt6-R1286A, spt6-Q1303E, spt6-E1313A, N1314A, spt6-K1343E, spt6-P1390A, and spt6-K1411E. Mutations were introduced into the genomic copy of SPT6 such that expression was from the native promoter at the normal locus except for the introduction of a URA3 or TRP1 marker downstream of the open reading frame. Strains were tested for growth on rich medium at 30°C and 38°C; on medium lacking lysine at 30°C and 37°C (all strains had the lys2-128∂ allele; thus, growth would reveal an Spt − phenotype); and on media containing 150 mM hydroxyurea, 75 μg/ml 6-azauracil, 0.6 μg/ml 4-nitroquinolone, 10 mM caffeine, 3% formamide, 1.2 M NaCl, 45 μg/ml mycophenolic acid, or 6% ethanol (all at 30°C). None of the mutants were sensitive to any of the stress conditions relative to the WT strain. spt6-S1284D and spt6-Q1303E strains were somewhat more resistant to 3% formamide than the WT, and spt6-Q1303E strains displayed a very weak Spt − phenotype (faint growth after 7 days). Mutants were not tested for a defect in cryptic initiation.
PDB accession numbers
Coordinates and structure factors for Spt6(236-1259), Spt6(239-1451), and SeMet Spt6(1247-1451) and native Spt6(1247-1451) have been deposited in the PDB with accession numbers 3psf, 3psi, 3psj, and 3psk, respectively.
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